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A PROGIUMMABLE MULTICHANNEL CORRELATION
MODULE FOE ANALYZING NEUTRON MULTIPLICITIES

G. J. ARNONE and G. So BRUN90N
I.AMAamos National Laboratory
LAMAlamoe, New Mezico 87S46

Abstmct

We have developed a CAMAC module for
analyzing neutron multiplititiea. Reduction in daad
time over previous umthoda baa Imen made pouible
by PW* i.nde~tit &bctar chamda. We have
dieved a considerable reduction in circuitry by
utilizing RAM and PROM intagrabd cirmiti in a
nonatmidsrd faahiom Along With qiuddly &velopUl
algorithm, tbe module baa be9n able to eucc88afuUy
unfold overlapping multiplicity chnina for count mtes
V* over tb.ree ordem of magnitude.

L INTRODUCI’ION

The progmrumable multichannel czmelstion
module (KdCCM! is ● double-wide CAMAC module
dedgnd ta pmczm~ pu.lsm fkom several neutron
detaxom This module down detection and
quantifkat!on of dment neutrons that hJent@ tba
pmmm 0! mpontimu.aly tiioning iaotqa

The baaic tdmique for quantifying coherent
neutron pubs involves aimuhting a time window
with a chxked shift regioter and counting the number
of pulsa entaring the ddl’t reghtar. Then, an each
pulse ezits the ab.ift reghter, the remmb.ing pulaea am
mxmied in histogram form.

A m~or dedgn objective of the PMCCM, am it

applies to earlier desigm of thin type [1-:], was b
Iowor tlu overall dead tie. We acmmplinhad this by
providing, in effect, ● separate Aift regictar for each
detedar channel and by minimizing tha time thmt
each channel input is dhabled fkorn processing input
pulses. This dm.cl time is 12 na per mhift r@ter
clock Earlier &aigna summal tha wtput of several
detatom, then sent it to one rldft reghtar, which
meant that onca a puloa wan loaded into the nhift
regi-tar, tha unit could no longer ●crept pulses until
the extoting pulse waa shiftd into the next bin,
kwther design objective wao w maka a module that
cnulr! b e~sily adaptad ta different detector types ●nd
mmfigumt!,mn. We met thisobjective by making ~he
module’s key pammetam mftwmw programmable.

IL MODULE DESCRIPTION

The PMCCM comprioes the following components
and their Oparationa (ace Fig. 1).

● Tbe ~ genemb the overall PMCCM
_ timing and dive- the programmable clock
chvn.dt and the programmable background read clock
amlut.

● ❞ mmqdbbk which eUMM~O* SW
rqistor cImk mgnal, can be programmed to beI2 MHz,
lMHz,500kHz or260kHz, thusprovidin.g ● clock
prAodor ah.Ut~r binti.meof500 na)lpe,2ps,
or 4 pa, mpactively.

“Tha@s~ latches pulses (hitJ) that
ocmM on any d tho 16 inputs nf the PMCCM module.
Only OIMpulse per channel can be latched every clock
period, ~e inputs w the PMCCM can be disabled via
the CAMAC intarface.

● Thu ~ basically mum the number of
input dunnels hit during tha cunent clock period and

mduem ● 4-M binary vah (dam byta) fhm 0-16.
h ● output of thio circuit is sent tc the shift regisbr
and the u~down coun~r via the adder.

“ ~ ~ WJ) ~~f,~;
dints byta received for each clock

Emghtor length is programmable m &e range of
1-1024 ha. Th9 sldft mgistm bin time is based upon
tho ~tting for tho programmable clock, which range-
fkm S00 ns ta 4 W. The shift regist8r conmista of a
standard 1024 by 4 static RAM chip, whom addreoc
lines ara driven by u I&bit binary aauntar. The ddft
mgimter length im programmed by loading the deoimd
value into the length registar. The output of the
binary counter and the output of the Ien@h re~nter
am mmpared by ● 10-bit comparator, when tho two
are equal, the bina~ munhr ia remet to mm, [n
effect, a data byta in loaded Inta RAM ooquentially nt
the rnti dotmminod by the nhifk m~ntor clock (SR
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Fig. 1, Block diagmm of the PMCCM.

Clock). ThuE, during one SR Clock period, the cumant
memo~ location io read out and loaded inta the
aerialimr, then the data byta horn the summi~
PROM is loaded into the same memory location,

“ The ~ etm-eo the sum of data bytm
that are contatned in the shift reghtar. An the data
b~o mre shifted into the shift register, they are alno
added to the u~down cmntar via the adder. An tho
data byta in shifted out, it 1s convertd into a puloe
etream by the mtiallzer, Thts aerial stream of pulses
down counti or oubtracta fkom the u~down countar
one pulse at a time, whereas the add portion of the
cycle adds a number ftom O-16 to the u#down counter
In one operation, Tho maximum count value
maintained in the u~down counts can be an high ae
265, altho h orIly a value of 0-31 io decoded. An

Yoverflow/un orflow error will cmm.ir if tho up/down
countor ever underfbwm o or oxceedm 31, Thin error
will Illuminate tho “E” LED on tho fkont panel nnd an
provido mror otatun in the CAMAC ntatun word,

Bdmrord

● The b- t.a~ is used h decode the
up/down counter value and route a pulse out of the
appropriate acder chnnel signnl line ta the m]octad
Lecroy 32-channcrl scaler module.

● ~th the ~ WEI~CrOY
Model 4434 CAMAC scaler modules. Each of these
uniti rxmt.dns 92 sepurate 20-MHz ocalere thnt gre
24-biti deep. The PMCCM’S 32-dmrmel outputi are
tmoed to the 32-channel inputs of each Lmcroy 4434.
Only one of the scaler units 1s enabled at n time, Thin
io accompllohed by umhg the MIWETO and EKV’ETO
signal provided by the PMCCM to enable each of tho
mcalers via their VETO inputn.

“ The UjT FUJUJLT ED SWW, located ml t ICIfront
pared, dotmminoa how the up/down coulAer .Iue will
be scmt to ths nigmd acalor, Tho Aotuo of thiu nwitch
cnn nlw ha obtained via the CAMAC il,tarfuce, If thin
switch in In tho lNT RL) mode, tho up/down countur
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Fig. 2. Block d.iqnzm of the pmgramnwble ahifi mgieter.

value will be read out each time a down count ia sent
out of the eeritir The up/down counter will tm
decremental 9A, then a pulse will be sent to the
appropriate u#down waler channel, If the switch is
in the EXT RI) position, a pulee iqjectad into the EXT
RI) input will make the raading. (Thin is diecuaoed in
more detail in Sec. III,)

“ The
,.

Contlmls the
background rQad eynchronixation. The u~down
countar to the kkgrouncl waler is read out at a
programmed rata The intawal at which this read
occurs to programmed to one of the foUowing
intmvah: 8 pa, 92 pa, 128 pa, 512 pa, 2.048 me, 8.192
me, 92.768 mop 131.072 me, 524.288 mo, 2.0970, 8.388
s, 38,554 s, 134.217 s, 636.87 0, md 2147.48 s. ‘1’he
background read can alao be diaabkl via n CAMAC
command.

* The
,,

~ ia used to interface
the PMCCM with the CAMAC buap which allows the
CAMAC controller (under coftware control) to
program the PMCCM and read its ntatua. The
CAMAC interfaca perfoms thu following fhnctiona.

1,

2,

3.

4,

Programs the shift regtc~r length.

Progrdrns the n~ft regiotar clock fkequency,

Programo the background cl~k fbquency,

Enableo and dhableo CHO-CH16 inputa.

5. Reaeti amntera, shift regis~r, error latch, etc.

6. Reada the statue of the error latch.

7. Fhdx the nhtua of the IN’l’ ltD\EXT
switch.

8, F&da the statue of the diagnostic switch.

~ MODES OF OPERATION

Tlmfront panral INT/EXT KD switch aelecta

RI)

the
PMCCM opern~on.ul mocha, If EXT is selected then
extarnal rwad pulam are fed into tho EXI’ RI) INPUT.
All the experhaenta cbcribed In thie document used
the internal read mode.

A. Intetnd Read Made

If a pulse or packet of pulaea in nhi!ki out of the
shift regintar via the ~rielixer, the u#down counter
will be decremenhd by one for each pulse and thrn a
ptdae will tm Jent out to the signal acalor modu!o.
‘l’ha channel (CH) in which the pulm occur~
comeepcmda to the value in the up/down countor after
it wao decrement. For example, if the up/down
countar had a value of 1 al the beginning of the down
count cycle and a dngle down count in obtained from
the shift qintar via the oerlalizer, the up/down
countar in flrat decremental to O and then a pul~e in
nent &on] the CHO eignal line to the oignal scaler.



The largest acceptable packet of down counts that
can occur at a given clock cycle is 15. For the
following example, let us assume a count of 15 is in
the u#down cou.ntar and the down count packet is
equal h 15. First, the up/down counter is
decremented by 1, making it equal to 14; next, a pulse
is sent out the CH14 signal line, and the u#down
counter is decremented by 1, making it 13; then a
pulse is sent out the CH13 signal line. This
progression continues until the up/down counter is
decrernented by the 15th down puke at which time
the up/down counter will be decremented to O. t.
pulse is then sent out the CHO signal line. It should
also be noted that if no down count pulues are shiftad
out of the shift register via the aerial.izer, there will be
no pubes sent to the upklown coun~r. The pubes are
sent out of the aeridi-r,er at 40 MHz.

After t.he down count portion of the cycle is
completed, the number of input channel hits are
added to the utidown countm: this number can he
0-16. This data”byta is also put inta the shift regi~ter
and will eventually reach the output of the shift
register, where it will be used to down count the
upldown counter and send pulses tA the signal scaler
unit. The time at which che data byte a.mivea at the
output is based on the product of the shift register
clock period and the number of shift registar bins
used, both of which are programmable. This time
ranges from 500 na for a clock period of S00 ns and
shift register length of 1 to a maximum time of
4.096 ms for a clock period of 4 ps and shift register
length of 1024,

‘I’he value of tho u@down countar is also read out
during background ieads. Ins@ad of reading out the
u~down countar value to tke signal scaler, the value
is sent to the background sder. This occum once
during every background read time (i.e., the
programmable submultiple of the oscillator
frequency), For example, if during a background read
the up/down counter contains the number 12, then a
pulse will be sent out the CH12 migrd line to the
bac~ound scaler unit, The signal scaler unit will be
disabled via the MITVETf3 signal and the back scaler
unit will be enabled via the BKVETO signal.

B. External Read Mode

value of the u#down counter will be sent out the
appropriate line to the signal scaler.

C. PMCCM’S Peq%rnwnce

Pulsing ali 15 inputs with the same 9ignal is ari
acid test of the PMCCM’S ability to process
overlapping pulses. The pulses are ccmectly counted
as a 15-fold event 99.4% of the time, The 0.6% loss is
due b a 12-ns dead time at the boundary between
atiacent 2-PS time bins.

IV. TYPICAL DATA REDUCTION

To unfold overlapping neutron clusters and
remove the effects of random neutrons, several
numerical steps must be taken (see Ref. 3 for more
details).

We configured lhe shift register for a time span
equaliag ahout 4 “half-lives” of the detector system.
Four half.lives span about 94% of the coincident
probability envelope, which reduces the detector
efficiency for detecting coincidences 6%.

It is important to distinguish between the two sets
of data. In the first data set ,.a the si~a.1 scalers),
the u#down smder is read because a neutron pulse
triggered the read function, and the following pulses
in the shift register ~ be correlated with Ao trigger
neutron by having been born in the same (or a
concatenated) fission. In the second data set (in the
background scalers), the pulses in the shift register
- be cmelatml with the trigger, because the
trigger was merely an arbitrary electronic signal
having nothing to do with the fission process.

The desired coincident probabilities are obtainad
by the follcwing numerical steps.

1. The histogram of discreta eventi ~tared in the
32 signal scalera is reduced ky normalization to a set
of probabilities, P (n), that exactly O, 1, 2,... n pulEes
are fou~d in the shft regietir when the read function

bv a ne~
,,

regilIMI.

The external read mode is vexy similar to the
internal read mode with one mqjor oxmption: instead 2 The histogram of d.iacreta eventi stored in the

of the down pulses b the u#down countar generating 32 background acalero is reduced by normalization to

the pulse8 Bent h the oignal scaler, m extimal read a set of probabilities, Pr(n), that exactly O, 1, 2,... n
pulses are found in the shift registrr when the readpuk will generati the puhw sent tu the sigmd sder. ~ntiion iH_ ,

Wlmn a pulso im dctacted on the external read input ~JUA@!itrm’-QkXtrQAic Rukm

during the cycle, it is latched and used h enable-on
up/dcwm cuuntm read onca that cycle, The read takes 3, These two ~etn of lwobnbilitiOs ure then
plncc after the down count and add portionn of tha combined to extract the probubilit.its, PC(n), that n
C;ICIC, 13anically, if an external read pulse occurs, the neutron pulse tnggcr finds O, 1, 2,... n cgrrclatcd

pulscn in the shift register.



Ccmnider the foUowing matrix

Pr(@) Pr(l ) Pr(2) Pr(3) Pr(n)

Pr(0) . Pc(0) Pr( 1) ● PC(o) Pr(2) ● Pqo) Pr(3) . PC(O) . . I Pr(n) ● Pc(0)

/-’’ /-’-’/’-’-’/”-’
Pa(o) R(o) ● Pc(l) l%(l) ● PC(I) Pr(2) ● PC(l) Pr(3)a Pc(l) . . . Pr(n) ● Pc(1)

/ / /.-
#-’-

Pe(l) 6l%(o) ● 2) I%(I)● <(2) Pr(2) ● PC(2) %(3) ● PC(2) . ~ . Pr(n) . Pc(2)

//’”
P8(2) Pr(0). ‘%(3) Pr(l) ● PC(3) Pr(2) ● PC(3) Pr(3) ● PC(3) . . . Pr(n) ● Pc(3)

/:
I%(3) Pr(0) ● P~n) Pr(l). l%(n) Pr(2) ● Pqn) %(3) . Pc(n) . “ . Pr(n) ● P~n)

Pc(o)

Pql)

Pq2)

Plq3)

P~n)

The P (i) acrosa the tap are the probabilities
obti &m the background biatugmo; the P$j)
down the right aide are the *own correlati
prdmbilitiea that we A. Each matrix entry in the
product of the oolumn head multiplied by the right
margin term: Pr(i) x P (j). In the left ma.rg@ we have
the P (n) values, wh.i~ are the probabilities of finding
n neukn pulbe8 in the d.i.ft regiatar given a neutron
trigger.

Clearly, PO(0) - P,(O) x PC(0), becauae n -0 only if
no random pubs A no correlati puln9fJ are
observed. HerKw, PC(0) - PO(OYP(0), and we hnve the
zero bmrn in the PC(n) array, #or the caM in which
only one coincident neutron in cie~ we have

P, (1) - P, (1) x PC(0) + P,(o) 1 P,(l) (1)

Equation 1 arieeo from the fact that a single
coincident pulse can be obaenred in exactly two
mutually exclusive ways:

a. One pulse uncm-relatad with the trigger, and
no pulse m-related with the trigger, or

b, No uncorrelatad puloe and one correlated
puhle,

If we rearrange Eq, 1, we have

P,(l) -F’, (l) XPC(0)
PC(I)= ———

P, (o) — ‘
(2)

I

where W9 have -d the P.(0) previously obt.ainacL
Summing along each diago&d (uppOr right to lower
left) gives the td.a.l probability for obseting exactly n
pukee in the shift regietar. Each of these equatioM
may be eolved in tum for ancther tmm in PC(n).

‘X’he genernl oxpremion for the cm-related
probabilities ie

i-1

P, (i) - ~ Pc (J)z P, (i-j)

Pc (i) m N (3)
J’r (0;

We need to empha,aim that P~n) is the probability
that a neutron pu18e am it exitn the 13hift regiatar will
“H” n ~ puke iu the ohift regisbr. By
“COi7WlatA” we mean pultieo arieing from the
detection ~lf neutrong born iD the same fission as the
trigger neutron or in a mncatennti fission. It io
important b nob that Eq. 3 requireo repeated
subtraction with the remdt that there are large
u.ncatiintieo asmciaktd with the probabilities for
hi~her multiplicities,

4. There is one final atap in recking the data,
Let us amsume that the detactar sees an isolatad
group of fow mrelati neutrono, These four pulao~
proceed through the oltift register, The flrot to exit
cauoati a read operation that IJWmthe thtw following
pulmo, which increas.eo the reading of the no. 3 Bigr]al
~caler by 1. The next pulse exiting will have only two
followers, and scaler no. 2 will increaae by 1.
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Similarly, tho remaining two pubes will cauee scalers
no. 1 and o b increase.

We see that any group of n correlated pulses will
be tallied in the (a-l)t.h scaler (one pulse is the
trigger) and in eve W_14tYtRUQ&E The laat correction
ia ta remove ti overlap:

Pf(n)= Pc(n)-r= (n+ 1) (4)

and normalize the PiIn) to unity Thus, we have Pin)
as the probability of detectiug clusters of n+l
QIXQIAM neutrons.

We now detlne some parameter used to
Cbnracterize Cluatem. These parameters are count
rata independent unless dotted (e.g., Ml is Ml times
the cluster trigger rate). One characteristic of an
average cluster is the first moment obtained as
foilows:

Thus, Ml is the average number of extra pulses;
that is, correlated pulaeo per cluata when considering
the 6rat pulse of a clustar as an independent event.
Each sponta.neoua fission ties the same probability
of “extra” neutrona; therefore,

Ml= Mlxcluster triggernz& (6)

should be proportional b the spontaneous fission
source Wrength if the numerical proceaa outlined
above sucumsfully comecta for the overlapping of
pulse Cluatim.

We also generata a second (reduced) moment

M2=~P~@xjti-1) , (7)
j.z

which is also a cluster characteristic, but with
quadratic weighting. Similarly, the product

M2 = M2 x ciu8?er trigger rate (8)

is proportional to source strength, The Ml andM2
should be constant if a random source [e.g, (a,n)] is
added to the spontaneous source, because a truly
random eource cannot cmntribu~ coherent evente,
even though it may contribute many triggere.

We also calculata M3 and M4, the third and
fourth reduced moments, reo~vely. In many ca,sao
them momenta are not LUIpportd by enough d.atietica
ta make them meaningful. However, they can be very
significant where there ie some multiplicatic n
(I.e., 1.1).

Linearity with Respect to Source Strength

~tiM~~~~~2~ exPlore this point were made
Cf sources. Figure 3 displays the

chmtar parameter Ml and M2 as functione of count
rata, For convenience, the points are plotted on an
arbitrary logarithmic vextical scale, and no
relationship between sets of points should be inferred.
Their stabili~ over a range of three decades indicates
that the equipment and numerical procedure are
reasonably successful in compensating for cluster
overlap.

1
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Fig. 3. Clus@r parameters Ml and M2 are stabk
over widely vatying count mtm.

[1] J. E. Swanoen, P. R. Colltneworth, and M, S,
Kric~ “Shift.-Regietar Coincidence Electronic System
for Thermal Neutron Counters,’” Nut. Inst.and Meth.,
176, pp. 655-565, 19S0.

[21 M. S, Krick and J. E. Swanaen, “Neutron
Multiplidty and Multiplication Measurements,” IVuc,
fnmt.and Meth. , W), pp. 304-393, 1984.

[31 G. S. Drunnon and G. J. Arnone, “A New Sydam
for Analyzing Neutron Multlplicitiee: Characterization
and Some Specific Appl{cationo,” LAMAlamoe National
Laborata~ reprt LA-n 701-MS, November 1969.


